Multicomponent tellurite glasses containing altered concentrations of Er 2 O 3 (ranging from 0 to 1 mol%) were prepared by the standard melt quenching technique. Investigations through energy dispersive X-ray spectroscopy (EDS), Raman scattering spectroscopy, FTIR spectroscopy, NIR emission studies and dielectric measurement techniques were done to probe their compositional, structural, spectroscopic and dielectric behaviour. The influence of erbium ion concentration on the infrared emission (~1.53 m) of these glasses and their respective lifetimes were measured. From the measured capacitance and dissipation factor, the relative permittivity, dielectric loss and the conductivity were computed; which furnish the dielectric nature of the multicomponent tellurite glasses that depend on the frequency of the applied LCR meter. Assuming the ideal Debye behaviour as substantiated by Cole-Cole plot, an examination of the real and imaginary parts of impedance is performed. The power-law and Cole-Cole parameters were resolved for all the glass samples. From the assessment of the NIR emission analysis and dielectric properties of the glass samples, it is manifested that the Er 3+ ion concentration has played a vital role in tuning the optical and dielectric properties and the 0.5 mol% Er
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Introduction
Studies on chalcogenide based glasses have drawn a great deal of attention to both industrial as well as academic researchers. These glasses have been extensively explored owing to their relevance in certain technological applications namely non-linear systems, optoelectronic devices, wave guiding applications and infrared telecommunication systems [1] [2] [3] [4] . Tellurium dioxide is the material of preference for the present investigation through melt quench route, as it is one of the least explored chalcogen glass systems because of its toxicity and relatively high precursor cost. This material is beneficial both for direct application or being employed in the preparation of other device materials. Tellurite glasses were known to have reduced probability of multiphonon relaxation from the excited states of rare earths integrated in it compared with that of other glass hosts like silica [5] .
It is also known to have a range of attracting features in various optical communication devices so as to meet the purpose of optical amplification [6] . Employing low phonon energy matrices like tellurite glass, it is possible to provide a suitable host for rare earths to minimize non-radiative losses. The scientific interest of tellurium oxide (TeO 2 ) based glasses arises on account of their various distinctive properties like high refractive index (~ 2), large transmittance window (ranging from visible to infrared region), high dielectric constant and good chemical durability [7, 8] Multicomponent tellurite glasses merge the advantages of constituent glass formers. Even if these glass systems have several improved properties, the analysis and understanding of the experimental outcomes have been hampered largely by the complexity in structure of the glass matrix arising due to the incorporation of multiple glass formers. By opting multicomponent tellurite glasses, there evolves the possibility of formation of diverse structural sites. This reduces the adverse clustering of dopant species and it provides ground for adequate fluorescence emission [9] . It also combines the property of high rare earth ion solubility, which is important for developing Er 3+ -doped amplifiers [6] . In order to accomplish the demand for large bandwidth needed for the wavelength division multiplexing systems, the optical properties of the Er 3+ ions in different glass matrices have widely been studied. Erbium is known to be an interesting dopant as its intra-4f transition between the first excited state ( 4 I 13/2 ) to the ground state ( 4 I 15/2 ) causes luminescence at 1.53 m, which is a standard wavelength in telecommunication. Er 3+ -doped tellurite glasses possess large emission cross-section and broad emission bandwidth compared to other glass hosts, which recognize it as a noteworthy material for high performance fibre amplifiers [10] .
Fabrication of high dielectric constant materials can afford higher charge storage densities provided that they exhibit lower dielectric losses. To understand the nature of conduction and the defect centres existing in the chalcogenide glass systems, the ac conductivity and dielectric properties provide a fundamental route. The dielectric studies along with some structural analysis
give an idea on the structural aspects of the glasses. In the present investigation, in order to satisfy the requirements for developing wide division multiplexing systems, the emission bandwidths and lifetimes of the various concentrations of Er 3+ -doped multicomponent tellurite glasses were extensively investigated. The other objective of the present exploration is to have an inclusive understanding over the dielectric and ac conductivity behaviour of the prepared multicomponent tellurite glasses. An attempt has also been made to investigate the compositional and microstructural properties of TPBKZFEr glasses fabricated by the melt quench technique.
Fabrication and measurements of the glasses
For the present investigation, the glass samples were prepared from reagent grade raw .0 mol%) were prepared. The glass preparation details and some of the necessary theories/calculations adopted for the present investigation have been described in our previously reported work [11] . The prepared bulk glasses were crushed to fine powders and were characterized by energy dispersive spectroscopy using JEOL Model JED -2300. Infrared transmittance spectrum was recorded on a Perkin Elmer Spectrum 400 FTIR spectrometer (Shimadzu) with a resolution of 1 cm -1 in the range 400-4000 cm -1 . The micro-Raman analysis was done in the range 100-1500 cm -1 using a Labram-HR800 spectrometer with a resolution of 1 cm -1 under 514 nm line of Ar 3+ laser excitation. Using Edinburgh instruments FLS920 spectrometer, at an excitation of 976 nm, the emission spectral range was scanned with 0.6 nm resolution. The photoluminescence (PL) lifetime was evaluated using time resolved PL spectra under 976 nm excitation, whereby the laser source was pulsed at 100 ms period and having a time resolution of 0.2 ms. The glasses were sandwiched between two platinum plated electrodes and has been applied different frequencies of sinusoidal voltages in order to carry out the dielectric measurements. The dielectric properties such as dielectric constant ( ) and loss tangent (tan ) of the glasses were calculated from the impedance, capacitance and phase angle measurements as a function of frequency (100 Hz -1 MHz) using Agilent impedance analyzer E4980A. Efforts were also made to analyze the effect of concentration of the rare earth dopant on the conductivity and dielectric properties of the TPBKZFEr glass system at different frequencies. All the measurements were made at room temperature.
Results and discussion

Energy dispersive spectrum (EDS) analysis
The elemental composition present in the glass sample is analyzed through the diffraction technique with EDS analysis. The energy dispersive spectrum of 0.5 mol% Er 2 O 3 -doped TPBKZF glass is shown in Fig. 1 and the observed X-ray energies have been assigned to corresponding elements. The spectrum clearly confirms the presence of expected constituent elements according to the glass composition. The main peaks corresponding to 0.53, 2.01, 3.31, and 8.63 keV represent K emissions from oxygen, phosphorus, potassium and zinc atoms, respectively. The L X-ray emissions from the tellurium and erbium atoms are obtained at energies 3.77 and 6.95 keV, respectively [12] Whereas, the elements fluorine and boron present in the glass cannot be detected by EDS because of their low range atomic numbers. The rest of the peaks in the EDS spectrum corresponding to different energies are the contributions by the K and L series X-ray emissions from zinc atom, L series emissions from tellurium atom, K emissions from potassium atom and finally L series and M series emissions from the erbium atom.
Vibrational modes of the glasses: FTIR and micro-Raman analysis
The IR transmittance and micro-Raman spectra of 0.5 mol% Er 3+ -doped TPBKZF glass have been compared in Fig. 2 . In this glass system, the significant IR bands were observed at 599, 923 and 1385 cm -1 . The prominent band around 599 cm -1 can be assigned to the stretching vibrations of the TeO 4 triagonal bipyramid structure [13] . The band at 923 cm -1 was assigned to asymmetric stretching vibrations of P-O-P groups [14] . The band around 1385 cm -1 is also observed in TPBKZFEr05 glass and can be attributed to the B-O -stretching vibrations of BO 3 units in metaborate, pyroborate and orthoborate groups [15] . The OH content in the glass system is reduced by the presence of fluorine and as a result the intensity of absorption due to the O-H group is negligible [16] .
The micro-Raman scattering spectrum obtained for the TPBKZFEr05 glass in the 400-1500 [17, 18] . While, the band at 668 cm -1 is assigned to asymmetric vibrations of the network generated by TeO 4 triagonal bypyramid (tbp) groups, which were linked through Te-OTe, with O occupies alternative axial and equatorial positions [19] . The band around 744 cm -1 arises from the stretching vibrations of TeO 3 and TeO 3+1 triagonal pyramids [20, 21] . The peak position around 980 cm -1 can be attributed to the vibrations of pentaborate and tetraborate groups [22] . The examination of the results of IR and Raman spectral studies for the present glass under investigation reveals that, there is no development of the structural peaks of rare earth; which indicates the fine dispersion of rare earth species in the host matrix and is also a clue for the absence of cluster formation [9] .
Infrared fluorescence at 1.53 m and concentration dependent fluorescence properties
Our prior analysis and exploration illustrate that the prepared tellurite glasses have fine integrities for visible luminescence [11] . In order to accomplish erbium doped glasses for broad band and gain amplification, it is crucial to evaluate the full width at half maximum (FWHM) and stimulated emission cross-section of 1.53 m band. known to be of asymmetric nature, specifying effective linewidth rather than FWHM is more meaningful [23] . According to Weber, dividing the areas of emission by the corresponding peak maxima will give the effective linewidths.
The effective linewidths of the prepared glass series for the transition 4 I 13/2 4 I 15/2 range from 54-64 nm, which are comparable with other tellurite glasses [24] and are greater than that obtained for silica-based glasses [25] . Thus it is evident that an increment in bandwidth can be achieved by tailoring the ion concentration.
From the emission spectra, luminescence quenching is manifested for the NIR emission of Based on the measured fluorescence spectra, some important spectroscopic parameters can also be derived. The assessment of stimulated emission cross section is one of the central factor in order to realize the emission performance of the glass [26] . For the measured NIR emission at 1.53 m, was evaluated by the Fuchtbauer-Ladenburg equation [27] (2) where denotes the peak wavelength of the NIR emission band, is the effective linewidth, is the velocity of light, is the refractive index and is the transition probability. The emission peak locates at 1.53 m for the TPBKZFEr05 glass has effective linewidth of ~ 63 nm and stimulated emission cross-section of 9.67×10 -21 cm 2 . The broad NIR emission band with large emission cross section indicates that the series of this particular glass system are suitable materials for developing broadband optical amplifier. The large value of indicates the better properties suitable for optical amplifiers. hosts. Hence, it is inferred that as the Er 3+ concentration increases, the measured emission intensity around the peak decreases, which leads to a bandwidth broadening [29] . The obtained Er 3+ emission spectrum in tellurite matrix is broader than that of silicate and phosphate glasses [30, 31] .
The absorption cross-section (ACS) from absorption spectrum and the emission cross-section from Mccumber theory have been calculated and reported in our previous work [11] . spectrum is reported in an arbitrary scale for comparison of line-shapes. It can be seen that the emission profile is similar while the broadening is being due to the difference attributed to reabsorption, as mentioned before.
The gain spectra characteristics
In the present analysis, the gain coefficient has been computed for the emission at ~1.53 m. comparable with previously reported erbium doped tellurite glass [33] . Thus it can be concluded that for the population inversion greater than 50%, the TPBKZFEr05 glass exhibits a gain in the region relevant for the optical communication window and provides more channels in the wavelength division multiplex (WDM) networks.
Lifetime of 4 I 13/2 level of Er 3+ ion in TPBKZFEr05 glass
In general, erbium doped tellurite glasses can have long fluorescence lifetimes compared to other erbium doped host glasses at certain pump wavelengths because of their low phonon energies [34] As the stimulated emission cross-section, lifetime of 4 I 13/2 level of Er 3+ is also an important parameter for broadband optical amplifiers or lasers at the 1.53 m. The PL decay spectra monitored at 976 nm excitation for various concentrations of Er 3+ ion are plotted in Fig. 6 . For 0.05 mol% Er 3+ -doped glass, the decay curve could be described by a single exponential function and it gives an idea of the absence of energy transfer among the Er 3+ ions. The experimental lifetime ( ) in single exponential decay, is measured by curve fitting using the equation (5) where gives the time after excitation.
For higher concentration Er 3+ -doped glasses, the curves could be described by a non-exponential behaviour due to the cross-relaxation through multi-polar interactions between the Er 3+ ions. The measured fluorescence decay curves for higher concentration Er 3+ -doped glasses were fit to a double-exponential function to estimate the lifetime of 4 I 13/2 level.
is the intensity of luminescence for a time, . and are the short and long lifetimes corresponding to the intensity coefficients and which are the fitting parameters. The average lifetime was calculated by the equation (7) The experimental lifetimes ) of the 4 
While calculating the quantum efficiency of TPBKZFEr05 glass, the value was found to be beyond 100%. This discrepancy is mainly caused from the fact that the self absorption introduces a delay in the excited luminescence due to successive reabsorption and re-emission processes. It influences the experimental lifetime by which reabsorption of early emitted photons lengthens the emission process inside the sample depending on the absorption cross-section and thickness . From the Auzel's approach, the lifetime corrected for the self-absorption effect is obtained by the equation
where is the non affected value of lifetime by self-absorption and is the ion concentration. The corrected lifetime was found as 2.56 ms for 4 I 13/2 level of Er 3+ in TPBKZFEr05 glass. The comparative study on the spectral properties of the NIR emission recommends that the glass material under examination might be a promising candidate for Er 3+ -doped fiber amplifiers.
3.5
Compositional and frequency dependent dielectric properties
Dielectric constant and loss tangent ( , and )
Examination on the dielectric properties aids in estimating the insulating strength of the glasses which enhances the comprehensive understanding of the structural aspects of the glasses.
With an applied ac electric field, the response of matter can be depicted in terms of dielectric permittivity (11) where the real part of dielectric constant , gives the amount of energy stored in dielectric material as polarization and the imaginary part of dielectric constant, represents the energy loss due to polarization and ionic conduction. The dielectric permittivity, of a material placed in between the conducting plates are calculated by the equation (12) where is the capacitance of the material in the applied electric field represented in Farad, is the cross-sectional area of the sample measured in m 2 , is the permittivity of the free space which is equal to 8.854×10 -12 f/m and is the thickness of the sample measured in m. The permittivity values are related to the electron density and ionic charges. The effect of frequency on dielectric constant for TPBKZFEr glasses in the frequency range, 100 Hz -1 MHz at room temperature is depicted in Fig. 7 . It describes the polarizing performance of the material in the presence of applied electric field. From the plotted data, it is revealed that for the range of frequency applied, the title glasses were not illustrating any significant variation with frequency as there is no major change in the orientation of molecule and the electron exchange between the ions does not follow the variations in the applied field. For some of the selected frequencies, the real part of the dielectric constants was depicted in Fig. 8 . As the concentration of the Er 3+ ions increased, these ions disrupt the glass network by creating dangling bonds and non-bridging ions which creates comfortable pathways for the migration of charges and thus develop space charge polarization leading to the increase in dielectric constant as observed initially. The dielectric constant increases with increase in substitution percentage of Er 3+ and attains maximum for TPBKZFEr05 glass and then decreases for higher substitution, for the entire frequency range.
Polarization lags behind the applied electric field causing an interaction between the field and the dielectric polarization which results in dissipation of energy or dielectric loss in the form of heat.
Other reasons are the impurities and the imperfections in the crystal lattice. High porosity and low density lead to low dielectric constant and dielectric loss [36] . Figure 9 exhibits the frequency dependence of dielectric loss of all the glasses. The dielectric losses for all the glasses were observed to be decreased with the increase in frequency of the applied field. It is evident from the figure that the loss decreases rapidly in the low frequency region while the rate of decrease is slow in the middle frequency region. As the applied frequency increases, the ions are not able to respond quickly and it reveals an almost frequency independent behaviour in the high frequency region. This is due to the combination of both ion jump and conduction loss. The maximum values of are noticed in the frequency range from 100 Hz -10 kHz for all the glasses. The loss peak, which is the characteristic of low loss materials [37] , did not shown by the present glasses in the 100 Hz -1 MHz range. The dielectric loss factor depends on a number of factors such as stoichiometry and structural homogeneity which in turn depends upon the composition. The inset of Fig. 9 shows the Er 3+ concentration dependence of quality factor [38] at a frequency of 1 kHz. With the increase in concentration, it is observed that upto 0.5 mol%, shows a decreasing trend for all the doped glasses. The minimal value of dielectric loss and so the maximum quality factor is observed for 0.5 mol% Er 3+ -doped tellurite glass.
The complex dielectric constant was calculated using the following relation = tan (13) At low frequency range, the value of increases due to the contribution of the ionic conductivity.
Maximum corresponds to the maximum conversion from electromagnetic energy to thermal energy. The calculated imaginary part of dielectric constants was depicted in Fig. 10 .
The break down strength of the dielectric material has an inverse relation with the specific dielectric loss (W/m 3 ) represented by [39] 
It is desirable to reduce the dielectric loss across the material about which the voltage is applied so as to obtain lower value, in order to minimize the specific dielectric loss. In this sense, it is evident from figure 10 that the TPBKZFEr05 glass is having the lowest specific dielectric loss and the highest breakdown strength than other glasses and in turn shows better insulating strength.
AC conductivity
The ac conductivity was determined from the dielectric parameters by the relation (15) where is the angular frequency of the electrical signal [40] . Figure 11 depicts the ac conductivity as a function of frequency at room temperature. In disordered solids, the ac conductivity is an increasing function of frequency [41] . For the total conductivity, the different characteristic regions of frequency can be distinguished according to the following relation [42] .
The frequency independent term is the dc conductivity which is due to band conduction; the frequency dependent function, the second term is purely ac conductivity due to the hopping process.
The first term predominates at high frequency and at high temperature, while the second term is predominant at high frequency and at low temperature. The second term , ac conductivity follows the super linear power-law at higher frequencies.
with (17) where is a constant independent of frequency, but depends on temperature, s is a frequency exponent and is the angular frequency ). This equation is valid for several low mobility amorphous and even crystalline materials [43] . The plot between log f and shows two distinct regions. At low frequencies, about upto 10 KHz, frequency independent plateau region is observed and it is the true bulk conductivity of the glasses. It is related to the accumulation of ions due to the slow periodic reversal of the electric field. Further at higher frequencies, frequency dispersion is observed, which is in well accordance with the Eqs. (16) and (17) . This is a typical behaviour of ionic conductors [44] . The conductivity increases from 0 to 1.53×10 Conductivity is sensitive to the structure as the structure determines both the potential barriers for the transport of mobile ions and the mobile ion concentration. Also, the structure is modified by the variation of constituent elements [45] . It is clearly seen from the plot that the conductivity remains constant at low frequencies for all the concentrations. We have obtained the lowest conductivity for the 0.5 mol% of Er 3+ concentration among all glasses under inspection within the studied frequency range and beyond this concentration, the conductivity is showing a reverse trend, and it increases. The slope of the linear fit of the data versus , gives the exponent .
The numerical values of at room temperature for all the glasses fall in the range 0.71 < < 0.97 and these values are strongly indicating the carrier transport hopping of electrons. The close proximity of to unity is regarded as the correlation with the intrinsic lattice responses arises due to the incorporation of rare earth metal ions [46] The strength of polarizibility is determined by the term [47] . The values of , and are calculated for different concentrations of Er 3+ and are given in the Table 2 .
By tailoring the Er 3+ ion concentration in the glass matrix, substantial tuning of the dielectric properties can be achieved. With respect to change in Er 3+ concentration, the dielectric constant and dielectric loss show entirely anomalous behaviour. The similar dielectric characteristics are reported earlier too [48] . From the permittivity value of the currently investigated amorphous glass system, it is clear that the dielectric mechanism which contributes to the dielectric behaviour is due to the electronic and ionic polarizations. It is evident from the dielectric analysis that the optimal Er 3+ doping with high dielectric constant and low loss is 0.5 mol% among all the other doping percentages.
Impedance studies
The impedance is of complex nature and having real and imaginary terms. By making use of complex impedance method, the bulk conductivity of the TPBKZFEr glasses can be measured.
Real ( ) and imaginary ( ) parts of impedance are given by (18) and (19) where is the phase angle and is given by (20) Complex impedance data of all the TPBKZFEr glasses are presented in Fig. 12 as Cole-Cole plots and from which it is possible to derive the values of , and known as Cole-Cole parameters.
The impedance plot for which (real part of impedance) is against the (imaginary part of impedance) appeared in the form of semicircles for various erbium ion concentrations and the centre of the semicircle is lying below the axis. The semicircle starts from the origin and makes an angle /2 with the axis. The bulk resistance values are derivable from the semicircle's intercepts on the x-axis; and the bulk capacitance values are derived from the expression which involves the frequency at the peak of the semicircle. 
From the Cole-Cole diagrams, the values of (the frequency at which the period of external electric field matches with time of relaxation of dipole) are also determined.
where is the peak frequency, is the bulk resistance, the bulk capacitance and the relaxation Table 3 . Inset: Er 3+ concentration dependence of quality factor. 
Conclusions
